Chapter 7: Modeling and Simulation of MEMS Devices

7.1 Introduction

Modeling and simulation play a critical role in the design and development of MEMS devices.
Due to their micro-scale dimensions and the integration of multiple physical
domains—mechanical, electrical, thermal, and fluidic—MEMS devices require precise analysis
before fabrication. This chapter introduces the fundamentals of MEMS modeling, common
simulation methodologies, and the tools used to evaluate and optimize MEMS performance.

7.2 Importance of Modeling and Simulation in MEMS
MEMS modeling serves several vital purposes in the development cycle:

e Performance Prediction: Evaluates the device’s expected behavior under operational
conditions.

e Design Optimization: Helps refine geometry, materials, and actuation methods for improved
performance.

e Cost Reduction: Reduces the number of physical prototypes and costly fabrication
iterations.

e Multiphysics Analysis: Enables simultaneous evaluation of multiple physical domains (e.qg.,
mechanical deformation with electrical response).

7.3 Domains Involved in MEMS Simulation
MEMS systems often involve interactions among multiple physical domains, including:

e Mechanical: Stress, strain, displacement, and resonance behavior

e Electrical: Capacitance, resistance, current flow, and electrostatic forces

e Thermal: Heat generation, conduction, expansion

e Fluidic: Air/gas flow in microchannels, pressure distribution

e Coupled Fields: For example, piezoelectric effects (electromechanical), electrothermal
actuation

Accurate simulation requires incorporating these interdependencies.

7.4 Common Modeling Approaches in MEMS



7.4.1 Analytical Modeling

e Utilizes mathematical equations based on physical laws
e Useful for early-stage conceptual design

e Limited to simplified geometries and boundary conditions

7.4.2 Lumped Parameter Modeling

e Approximates MEMS components as equivalent electrical circuits
e Helps in system-level simulations (e.g., using SPICE or Simulink)
e Best suited for simple MEMS devices (resonators, sensors)

7.4.3 Finite Element Modeling (FEM)

e Breaks down the device into small elements for detailed numerical analysis
e Widely used for simulating mechanical, thermal, and fluidic behavior

e Offers high accuracy and flexibility in geometry and material analysis

7.4.4 Computational Fluid Dynamics (CFD)
e Simulates fluid flow and thermal behavior in microfluidic MEMS
e Used in devices like micropumps and flow sensors

7.5 Popular MEMS Simulation Tools

Several software tools are tailored for MEMS modeling or support multiphysics analysis:

Tool Primary Features Best For
COMSOL Multiphysics modeling (structural, Coupled domain simulations
Multiphysics thermal, fluidic, electrical)

CoventorWare MEMS-specific design and process  Foundry-compatible MEMS
simulation fabrication modeling
ANSYS FEM-based mechanical and thermal Structural simulations

analysis



IntelliSuite End-to-end MEMS development Layout-to-fabrication MEMS

environment design
MATLAB/Simulink System-level simulation and control ~ Behavioral modeling and
logic integration
MEMS+ (by Combines FEM with circuit/system Co-simulation with electronics
Coventor) simulators (Cadence, etc.)

7.6 Steps in MEMS Simulation Workflow

1.

2.

Geometry Creation: Design the MEMS structure (2D or 3D layout)

Material Assignment: Define mechanical, thermal, and electrical properties
Meshing: Subdivide geometry into elements for FEM or CFD analysis
Boundary Condition Setup: Apply forces, voltages, temperature, or constraints
Simulation Run: Solve the governing equations over the meshed domain

Post-Processing: Visualize results like displacement, stress, capacitance, or
temperature

Validation: Compare simulated results with analytical models or experimental data

7.7 Applications of Modeling in MEMS

e Resonator Design: Predicting resonance frequency and quality factor

e Capacitive Sensor Simulation: Estimating sensitivity and signal strength

e Micromirror Systems: Evaluating deformation, angular motion, and electrostatic torque
e Thermal Actuators: Modeling temperature gradients and resulting displacement

e Microfluidic Devices: Simulating pressure-driven or electrokinetic flow behavior




7.8 Limitations and Challenges

e High Computational Cost: Detailed simulations of 3D structures with coupled physics can be
resource-intensive

e Model Accuracy: Depends on precise input parameters (e.g., material properties, damping
factors)

e Process Variation: Fabrication deviations are difficult to capture fully in models

e Multiscale Complexity: Coupling nano-, micro-, and macro-scale interactions remains
challenging

7.9 Conclusion

Modeling and simulation are essential in the MEMS design process, enabling designers to
evaluate performance, refine configurations, and reduce development costs. With the growing
complexity of MEMS devices and the need for integration across domains, advanced simulation
tools and multiphysics modeling are critical to achieving functional, reliable, and optimized
microsystems.
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